The heat shock response (HSR) is a highly conserved protective mechanism that enables cells to withstand diverse environmental stressors that disrupt protein homeostasis (proteostasis) and promote protein misfolding. It has been suggested that small-molecule drugs that elicit the HSR by activating the transcription factor heat shock factor 1 might help mitigate protein misfolding and aggregation in several devastating neurodegenerative disorders, including Huntington disease (HD). In this issue of the JCI, Labbadia et al. use a brain-penetrant Hsp90 inhibitor, HSP990, to induce the HSR in mouse models of HD. Unexpectedly, they observed that HSP990 confers only transient amelioration of a subset of HD-related phenotypes, because alterations in chromatin architecture impair the HSR upon disease progression. These findings suggest that synergistic combination therapies that simultaneously unleash the HSR and prevent its impairment are likely to be needed to restore proteostasis in HD.
Proteins must fold into intricate 3-dimensional structures to perform an extraordinary variety of functions (1, 2) . A complex network of highly conserved molecular chaperones ensures successful protein folding (1, 2) . Aberrant protein folding that overwhelms this chaperone network is closely linked to several devastating neurodegenerative disorders, including Huntington disease (HD), Parkinson disease, and Alzheimer disease (1) (2) (3) . There are no treatments for these disorders, all of which are associated with the misfolding, oligomerization, and aggregation of specific proteins in the CNS (1) (2) (3) . HD is a fatal, inherited, late-onset neurodegenerative disorder that afflicts approximately 1 individual per 10,000 worldwide (4). It is caused by a CAG triplet repeat expansion in exon 1 of the huntingtin (HTT) gene, which generates an expanded polyglutamine tract (approximately 40 residues or longer) in the mutant huntingtin protein (4) . This polyglutamine tract expansion increases the propensity of huntingtin protein to form a heterogeneous array of misfolded species, ranging from toxic oligomers to diverse aggregated structures (5, 6 ). An increasing number of potential therapeutic strategies now focus on unleashing the natural defenses that cells have evolved to counter the proteotoxic stress caused by potentially deleterious protein-misfolding events (1, (7) (8) (9) . In this issue of the JCI, Labbadia and colleagues find that although one such approach ameliorates some disease phenotypes in a mouse model of HD, the benefits are only transient (10) , which indicates that synergistic combination therapies are likely to be needed if such strategies are to make it to the clinic.
Inducing the heat shock response as a therapeutic strategy
In response to proteotoxic stress, cells maintain protein homeostasis (proteostasis) by rapidly adjusting the concentrations of appropriate molecular chaperones (1, 2). They do this by rapidly activating ancient and highly conserved pathways, such as the heat shock response (HSR), which responds to stress in the cytoplasm, and the unfolded protein response (UPR), which responds to stress in the secretory pathway (1, 2) . These pathways upregulate the requisite components of the chaperone network. Molecular chaperones can then buffer aberrant protein conformers either by returning them to their native form or by facilitating their degradation and elimination (1, 2) . Indeed, the overexpression of a single chaperone, such as Hsp70, can suppress neurodegeneration in Drosophila models of polyglutamine toxicity (9). However, increasing the level of expression of a single chaperone has met with mixed success in improving disease phenotypes in mouse models of neurodegenerative disease (11) . Therefore, it has been proposed that activating the entire HSR, rather than overexpressing a single chaperone, may prove more successful in remediating toxic protein conformations (12) . Specifically, it has been suggested that activation of the HSR via the transcription factor heat shock factor 1 (HSF1), a master regulator of the HSR in eukaryotes, may be beneficial in targeting neurodegenerative disorders (12) . Consistent with this proposal, a constitutively active form of HSF1 antagonizes polyglutamine aggregation and extends lifespan in a mouse model of HD (13) . Furthermore, HSF1 provides a protective function in mice inoculated with prions: Hsf1-knockout mice succumb to prion disease 20% faster than control mice (14) . Thus, strategies to pharmacologically activate the HSR via HSF1 hold promise for the treatment of a broad spectrum of presently incurable protein-misfolding disorders (1) .
Under nonstressful physiological conditions, HSF1 is unable to induce the transcription of genes encoding HSR proteins because it is held in a complex with Hsp90 ( Figure 1 ). Thus, one pharmacological strategy to activate the HSR via HSF1 is to use Hsp90 inhibitors, such as geldanamycin and 17-AAG, that dissociate the Hsp90:HSF1 complex and enable HSF1 to stimulate heat shock gene expression. In fly and mammalian cell models of HD and Parkinson disease, treatment with geldanamycin reduces aggregate load and toxicity (15, 16) . However, the use of geldanamycin and 17-AAG in mammals is complicated by their toxicity and inability to efficiently cross the blood-brain barrier.
HSP990: a brain-penetrant Hsp90 inhibitor
The careful and elegant study of Labbadia et al. assesses the utility of a brain-penetrant Hsp90 inhibitor, HSP990, in activating the HSR as a potential therapy in a mouse model of HD (10) . Using a well-tolerated chronic dosing regimen, the authors administered HSP990 orally to WT mice and R6/2 transgenic mice, which express exon 1 of a mutant human huntingtin gene with more than 150 CAG repeats. R6/2 mice model HD with an early age of onset and rapid disease progression. Importantly, HSP990 activated the HSR by liberating HSF1 from Hsp90, which in turn led to hyperphosphorylation and activation of HSF1 (Figure 1 and ref. 10). As a consequence, levels of Hsp70, Hsp40, and Hsp25 were greatly increased in the brains of mice. Treatment with HSP990 did not alter the levels of UPR chaperones, indicative of specific induction of the HSR. However, induction of the UPR might also hold value for treating polyglutamine toxicity (17) . Promisingly, administration of HSP990 to R6/2 mice resulted in a 20% decrease in aggregate load in brain tissues and was associated with improved brain weight ( Figure 1 and ref. 10 ). Additionally, a general improvement in disease phenotype was indicated by a 30% improvement in rotarod performance. However, not all symptoms of HD were ameliorated. HSP990 treatment did not improve body weight, grip strength, or exploratory activity in the R6/2 mice. It remains unclear why only a subset of HD-related phenotypes was partially rescued.
The HSR becomes impaired as disease progresses Surprisingly, the benefits afforded by HSP990 were transient. Rotarod performance of R6/2 HD mice improved with treatment at 8 and 10 weeks of age, but not at 14 weeks, which suggests that impairment of the HSR might occur upon HD progression (10) . This decline in behavior with HD progression was also reflected in Hsp expression levels. In young mice, HSP990-induced upregulation of Hsp70, Hsp40, and Hsp25 was comparable in WT and R6/2 mice. However, by 8 weeks of age, impairment in Hsp induction was already apparent for the R6/2 mice, and this deterioration continued with age until the mice reached end-state disease at 15 weeks (Figure 1 and ref. 10 ). In these late-stage disease R6/2 mice, treatment with HSP990 failed to induce Hsp expression. Thus, HSP990 efficacy declined sharply in R6/2 mice in an age-dependent manner. Importantly, this impairment of the HSR was not an artifact of the R6/2 model of HD. The HSR also became impaired in late-stage HdhQ150 knockin mice, which model lateonset HD and express full-length human huntingtin with a polyglutamine tract of 150 residues. Taken together, these data suggest it will be important to determine whether the HSR also becomes impaired in the brains of HD patients.
Further studies revealed that HSR impairment occurred at the level of transcription (10). This impaired transcription could have several potential origins. To
Figure 1
HSR activation varies with disease stage in mice that model HD. Upon inhibition of Hsp90 by the small molecule HSP990, the HSR is activated via HSF1. HSF1 dissociates from its repressive complex with Hsp90, is hyperphosphorylated, and translocates to the nucleus in both early-and latestage HD mice. As HD progresses and the mice age, histone H4 becomes hypoacetylated at heat shock (HS) gene promoters, preventing efficient transcription of the heat shock genes and impairing the HSR. While early-stage HD mice induce an HSR upon HSP990 treatment and reduce the aggregate burden, late-stage HD mice cannot induce the HSR, and the aggregate burden and toxicity increases. HSE, heat shock element.
induce Hsp expression, HSF1 must dissociate from its repressive complex with Hsp90, translocate to the nucleus, and be hyperphosphorylated (Figure 1) . Coimmunoprecipitation studies indicated that HSP990 effectively dissociated Hsp90 and HSF1 even in older R6/2 mice (10). Additionally, after HSP990 treatment, HSF1 was hyperphosphorylated and localized to the nucleus in R6/2 brain tissue. Thus, HSF1 is activated by HSP990 equally well in WT and R6/2 mice. However, the authors further noted that alterations in chromatin architecture in older R6/2 mice precluded HSF1 from engaging the promoters of heat shock genes. As the R6/2 mice aged, lower levels of HSF1 binding at various heat shock gene promoters was observed upon HSP990 treatment. Furthermore, chromatin immunoprecipitation using the Hsp70 promoter revealed lower levels of associated RNA polymerase II in R6/2 than in WT brain tissue, consistent with reduced transcription. Additionally, hypoacetylation of histone H4 was observed at various heat shock genes as disease progressed (10), which might reduce the ability of HSF1 to bind target promoters by reducing chromatin accessibility (Figure 1 ). However, additional experiments showed that the Hsp70 promoter region was equally accessible in both WT and R6/2 mice. Thus, accessibility per se does not appear to be the issue.
Labbadia et al. propose a model whereby as HD progresses, histone H4 becomes hypoacetylated at heat shock gene promoters, perhaps because polyglutamine aggregates sequester key histone acetyltransferases (10) . Through an undefined mechanism, hypoacetylation precludes HSF1 binding to heat shock gene promoters. Thus, the HSR is impaired (Figure 1) . The discovery that the HSR becomes impaired as disease progresses in HD model mice is perhaps the authors' most significant finding. The reduced ability to launch the HSR is likely to exacerbate HD progression by rendering cells incapable of responding appropriately to environmental stressors. However, it remains unknown whether similar defects in the HSR occur in HD patients. Thus, it is possible (although unlikely, in our view) that these deficits reflect events unique to mouse models of HD that are unrelated to events in HD patients. It will be important, although challenging, to corroborate these findings in HD patient tissue or cell lines. Of note, the authors did not generate survival curves (10), so the therapeutic value of HSP990 treatment with regard to longevity remains unknown. However, even a transient improvement of disease phenotype may bring an enhanced quality of life to HD patients, regardless of any potential increase in lifespan.
Prospects for inducing the HSR as an HD therapy
Overall, the work of Labbadia and colleagues (10) demonstrates that HSF1-mediated activation of the HSR via Hsp90 inhibition may hold great therapeutic value. However, it also emphasizes the complexities of targeting the HSR pathway, because impairment of the HSR was an unforeseen effect of HD progression. This unexpected deterioration of the HSR indicates that simply developing therapeutics to activate this pathway might not be sufficient to remediate HD and perhaps other proteinmisfolding disorders. Indeed, the HSR also becomes impaired in prion-infected cells, although this deficit is rescued by geldanamycin (18) . For HD, it may be necessary to combine approaches that activate HSF1 with approaches that circumvent the impairment of the HSR, which might include methods to increase histone H4 acetylation. Moving forward, it will be key to define precisely how HD-induced alterations in chromatin architecture preclude HSF1 binding. More broadly, combination therapies that synergize to target multiple aspects of proteostasis, including direct interactions with the misfolded protein itself, are promising weapons against various protein-misfolding disorders (8, 19) .
Finally, it should be noted that eliciting the HSR is not the only effect of inhibiting Hsp90. Hsp90 controls the maturation of many key signal transducers, including kinases and transcription factors (20) . Consequently, Hsp90 is a potent phenotypic capacitor. Inhibition of Hsp90 exposes cryptic genetic variation that can generate diverse, complex multigenic phenotypes that are difficult to predict, depend on the specific genetic background, and are not necessarily advantageous (20) . Indeed, inhibition of Hsp90 can yield highly stable changes in chromatin states that can persist in a heritable manner (21, 22) . Thus, inhibiting Hsp90 might even accentuate the alterations in chromatin architecture that impair the HSR in mice that model HD. In any case, it is probable that an HSR in which Hsp90 is not inhibited will be a more effective means to restore proteostasis. Thus, small molecules that activate HSF1 without inhibiting Hsp90 could be a critical innovation. One such small molecule, HSF1A, has recently been isolated in a cunning yeast screen (23) . HSF1A increased the expression levels of several chaperones and consequently diminished the toxicity of polyglutamine proteins in mammalian cell culture and Drosophila models (23) . We suggest that brain-penetrant variants of HSF1A and other potential small molecules that activate HSF1 without inhibiting Hsp90 should also be explored in mouse models of HD.
Summary
The work of Labbadia et al. (10) has revealed important complications that must be addressed if the HSR response is to be induced as a potential HD therapy. The way is now open to define how the HSR becomes impaired and how this impairment might be prevented or reversed. Of particular interest is the development of small-molecule drugs that might antagonize HSR impairment and synergize with HSP990 to treat mice that model HD. We suggest that specific histone deacetylase (HDAC) inhibitors might be interesting lead candidates to combine with HSP990. In isolation, HDAC inhibitors have exhibited therapeutic effects in mice that model HD (4). Moreover, they could prevent the hypoacetylation of histone H4 that correlates with HSR impairment (10) and thereby help maintain an active HSR.
The electrical impulses that trigger the heart to beat originate from a group of specialized cardiomyocytes that together form the sinoatrial node (SAN). The SAN is a complex anatomical structure located in the wall of the right atrium, near the entrance to the superior vena cava. The SAN triggers billions of heart beats during an individual's lifetime. Neurohormonal regulation of the SAN allows us to adapt our cardiac output to precisely match life's rapidly changing demands: cardiac output is reduced during times of rest and increased during physical and emotional exercise. Not surprisingly, SAN dysfunction (SND) affects millions of individuals later in life; it also complicates a number of heart diseases. While a large body of work has elucidated the molecular signaling processes that regulate physiological pacemaking, much less is known about the molecular signaling that causes SND (1). SND is characterized by physiologically inappropriate heart rates, most often sinus bradycardia (a regular but abnormally slow heart rate), and the only currently available treatment option is implantation of an electrical pacemaker. The typical patient is elderly and presents with additional cardiac pathology of an ischemic, inflammatory, or degenerative nature. SND also frequently occurs when an individual develops heart failure. Histological studies demonstrate a loss of SAN cells and increased fibrosis in SAN tissue obtained postmortem (2, 3) , suggesting that cell death and tissue remodeling importantly contribute to SND. In this issue of the JCI, Swaminathan and coworkers elegantly combine studies in mice and human tissue to demonstrate a molecular chain reaction that can cause SND (4). The study demonstrates a heretofore unrecognized molecular mechanism responsible for SND and provides a clear target for developing new treatments aimed at preventing SND in the future.
Ang II-induced Ca 2+ /calmodulindependent kinase II oxidation causes SAN cell death and SND Anderson and colleagues have shown previously that Ang II induces myocardial dysfunction and heart failure at least in part via myocyte apoptosis (5). They recognized at that time that inhibition of Ca 2+ / calmodulin-dependent kinase II (CaMKII) provided protection against myocyte cell Oxidized CaMKII: a "heart stopper"
for the sinus node?
Sabine Huke and Björn C. Knollmann Each normal heart beat is triggered by an electrical impulse emitted from a group of specialized cardiomyocytes that together form the sinoatrial node (SAN). In this issue of the JCI, Swaminathan and colleagues demonstrate a new molecular mechanism that can disrupt the normal beating of the heart: angiotensin II -typically found in increased levels in heart failure and hypertension -oxidizes and activates Ca 2+ /calmodulin-dependent kinase II via NADPH oxidase activation, causing SAN cell death. The loss of SAN cells produces an electrical imbalance termed the "source-sink mismatch," which may contribute to the SAN dysfunction that affects millions of people later in life and complicates a number of heart diseases.
